[Correction added on 23 May 2017 after first online publication: the method for statistical analysis for multiple comparisons as "Student's t-test" was wrongly described throughout the article and has now been corrected in this version.]
During protein synthesis in the ER, an accumulation of misfolded and unfolded proteins occurs at a certain frequency (known as "ER stress"). ER stress is attenuated by activation of the unfolded protein response (UPR), which recovers and maintains the ER functions.
Because WFS1 is a known component of the UPR, mutant WFS1 results in unresolvable ER stress conditions and cell apoptosis, 6, 7 which is considered to be the major mechanism underlying the development of the symptoms in WS.
To date, more than 170 mutations of WFS1 have been reported, the majority of which are distributed throughout the coding sequence and no hot spots have been identified. 4 WFS1 mutations are generally identified on both alleles, and thus WS is thought to be an autosomal recessive disease. However, Bonnycastle et al 8 recently reported a case of autosomal dominant DM without other features of WS. Thus, there is a possibility that genetic heterogeneity of WS exists.
In this study, we report a novel heterozygous mutation of WFS1
in a WS patient and demonstrated that this mutant induces constitutive ER stress.
| METHODS

| Luciferase assay 2.1.1 | ERSE-luciferase assay
HEK-293 cells were transfected with (1) 1.0 μg of each WT, p.
N325_I328del (Del), p.Q194X or p.L543R WFS1 expression plasmids together with 0.5 μg of ERSE-luciferase plasmid 9 and (2) 10 ng Renilla reniformis luciferase expression plasmid. Twenty-four hours after transfection, cells were treated with or without 10 nM of thapsigargin for 6 hour. The assay was performed using the dual-luciferase reporter assay system (Promega, Madison, WI) according to the manufacturer's protocol. ERSE-luciferase activity was normalized to Renilla reniformis luciferase activity.
| Cytoplasmic calcium analysis using luciferase assay
HEK-293 cells were transfected with 1.5 μg of each WT, Del, p.
Q194X, and p.L543R WFS1 construct plasmids together with 1.0 μg of nuclear factor of activated T-cell (NFAT) luciferase reporter plasmid (pGL4.30) and 10 ng Renilla reniformis luciferase expression plasmids. NFAT is the a transcription factor which is activated by Ca 2+ sensitive phosphatase calcineurin. 10 The cytosolic Ca 2+ dynamics can be estimated by measuring the NFAT reporter activity. 11 Twenty-four hours after transfection, cells were treated with or without 10 nM of thapsigargin for 6 h. The assay was performed as described above.
| Western blotting
HEK-293 cells were plated on a 10-cm dish and cultured to 70%-80% confluency. Cells were transfected with 7. 
| Protein expression of the patient WFS1
Western blotting of whole cell lysates showed that the expression levels of mutant WFS1 (Del, p.Q194X and p.L543R) were lower than that of WT. Especially, the expression of p.Q194X could not be detected ( Figure 4 ).
| ERSE-luciferase assay
WFS1 plays a role in the suppression of ER stress-mediated cell death by preventing hyperactivation of the ER stress response. 9 A previous study showed that 2 missense mutants (p.H313Y and p.W314R), which were identified in WS and autosomal dominant DM patients respectively, impaired the ability to protect against ER stress. 8, 12 In this context, we analyzed the effect of our mutation in vitro. Regardless of the presence or absence of the ER stress inducer thapsigargin, our mutant activated the ERSE reporter activity stronger than WT did ( Figure 5A ).
These results indicate that Del induces constitutive ER stress. Moreover, when WT and Del WFS1 were equally co-transfected, ER stress was still elevated regardless of the presence or absence of thapsigargin ( Figure 5B ). These results indicate that the patient mutant WFS1 causes a dominant negative effect. 
| Luciferase assay and western blotting of ATF6α
We found that ATF6α promoter activity was elevated in our mutant and that the enhanced signaling was neutralized by a chemical chaperone (4-phenylbutyrate; 4-PBA) ( Figure S1 , Supporting information). ATF6α, which localizes to the ER membrane, is a master regulator of the UPR. Under ER stress, the inactive 90-kDa form of ATF6α The bars and black circles show the locations of our mutation (p.N325_I328del) and the mutation that was used in the luciferase assays (p.Q194X, p.L543R). aa; amino acid. iates ER stress-induced cell apoptosis. 17 We revealed that the expression levels of CHOP mRNA were significantly increased in Del expressing HEK-293 cells ( Figure 7B ). These results suggest that the overexpression of Del leads to ER stress-induced cell apoptosis.
| DISCUSSION
In this study, we identified a novel heterozygous mutation of WFS1 (c.973_984del12, p.N325_I328del) in a patient with WS ( Figure 2 ).
in vitro analysis showed that this mutant induced constitutive ER stress and had a dominant negative effect. Therefore, this mutation is . Cells were treated with or without 10 nM thapsigargin for 6 hour and the luciferase intensity was measured. Data were normalized to Renilla reniformis luciferase activity. All values are represented as the mean AE SEM. Statistical significance was tested by one-way ANOVA followed by Tukey's test. *, P < .001; **, P = .024; ***, P = .029. ER stress caused by thapsigargin was unremarkable in WT cells, but was prominent in pcDNA3, p.N325_I328del, and p.L543R transfected cells. Furthermore, p.N325_I328del yields ER stress regardless of the presence or absence of thapsigargin. B, HEK-293 cells were transfected with the ERSE reporter vector simultaneously in WT WFS1 alone or WT together with the mutant (p.N325_I328del) expression plasmids (n = 9 for each). Cells were treated with or without 10 nM thapsigargin for 6 h and the luciferase intensity was measured. Data were normalized to Renilla reniformis luciferase activity. All values are represented as the mean AE SEM. Statistical significance was tested by one-way ANOVA followed by Tukey's test. *, P < .0001; **, P < .001. ER stress was elevated by thapsigargin when WT and p.N325_I328del WFS1 were equally cotransfected. Moreover, ER stress is constitutively elevated regardless of the presence or absence of thapsigargin. These results indicate that our mutant p.N325_I328del causes a dominant negative effect. TG, thapsigargin; WT, wild type; Del, p.N325_I328del; 194, p.Q194X; 543, p.L543R.
WFS1
. in vitro studies demonstrated that this mutant lacked the ability to suppress thapsigargin-induced ER stress compared with WT. The authors suggested that the function of WFS1 tetramers composed of p.W314R and WT monomers was impaired, resulting in DM development through a dominant negative effect. Moreover, the other heterozygous WFS1 mutation (p.H313Y) 12 increases ER stress in the absence of thapsigargin and this constitutive ER stress is caused by ER Ca 2+ depletion. 8, 16 Similar to these results, our mutant also demonstrated constitutive ER stress with a dominant negative effect ( Figure 5A and B).
While the expression level of Del was lower than that of WT in western blot, our mutant protein localized to the ER (Figures 3 and   4 ). It is speculated that the mutant may exert the dominant negative effect on the wild type in the ER. Similar to our mutant, the mutant p.H313Y, which is causing constitutive ER stress, also showed the reduced expression level by western blot. 16 The discrepancy of reduced expression level and ER localization of our mutant must be further studied.
WFS1 regulates ATF6, which is a key transcription factor involved in UPR signaling through the ubiquitin-proteasome pathway. 9 In our experiments, Del increased ATF6α promoter activity compared with WT ( Figure S1 ). Further western blot analysis showed that activated ATF6α (50 kDa) was increased in cells transfected with Del ( Figure S2 ). Normal WFS1 negatively regulates ATF6α, which is 1 of the UPR signaling molecules involved in the ubiquitinproteasome pathway. In normal cell conditions, WFS1 recruits ATF6α FIGURE 6 Luciferase reporter assay using expression plasmid with an NFAT response element (pGL4.30, Promega Figure 6 ). Furthermore, the mRNA expression of SERCA2b was decreased in these cells ( Figure 7A ). These findings indicate that our mutant increases cytosolic Ca 2+ by reducing the expression level of SERCA2b. Elevated cytosolic Ca 2+ strongly activates calpain, which is a calcium dependent protease, resulting in β cell apoptosis in WS patients. 15, 19 Indeed, in our study, CHOP mRNA expression in Del overexpressing cells was increased ( Figure 7B ). Therefore, our mutant might induce enhanced β cell apoptosis.
It has been reported that SERCA expression is increased by induction of ER stress. 20, 21 In contrast, several studies demonstrated decreased expression levels of SERCA in high glucose or cytokines explored cultured cells, primary islets from db/db mice, human islets from type 2 diabetes patients, and liver from ob/ob mice. 16, 22 The discrepancy may be explained by the degree of the strength of ER stress under several pathological conditions. It is speculated that our mutant strongly induces the ER stress beyond the UPR capacity to regulate the SERCA expression.
In conclusion, we identified a novel heterozygous mutation of WFS1. Our mutant WFS1 induces constitutive ER stress and cell apoptosis through 2 pathways: hyperactivation of ATF6 and Ca 2+ efflux from the ER (Figure 8 ). These results provide evidence for new insights into the roles of mutant WFS1 in UPR mechanisms. 
